Postsynaptic 5-HT 1A receptors (5-HT 1A R) play an important role in anxiety and stress, although their contribution is still controversial. Previous studies report that mice overexpressing postsynaptic 5-HT 1A Rs show no changes in basal anxiety, though the influence of stress conditions has not been addressed yet. In this study, we used this animal model to evaluate the role of 5-HT 1A Rs in anxiety response after pre-exposure to an acute stressor. Under basal conditions, 5-HT 1A R overexpressing animals presented high corticosterone levels and a lower mineralocorticoid/glucocorticoid receptor ratio. After pre-exposure to a single stressor, they showed a high anxiety-like response, associated to a blunted increase in corticosterone levels and higher c-Fos activation in the prefrontal cortex. Moreover, these mice also presented a lack of downregulation of hippocampal long-term potentiation after stress exposure. Therefore, higher postsynaptic 5-HT 1A R activation might predispose to a high anxious phenotype and an impaired stress coping behavior.
INTRODUCTION
The serotonergic system is one of the key neurotransmitter systems in the body, implicated in the neurobiology of anxiety, depression and impulsive behavior, as well as in the control of other physiological functions as food intake, temperature control, sexual behavior, and the modulation of learning and memory (1) . The 5-HT 1A receptor (5-HT 1A R) subtype is one of the most relevant, with a dual localization as an autoreceptor in the soma of the serotonergic neurons located in the raphe nuclei, and as a heteroreceptor in postsynaptic areas as hippocampus and cortex (2) . This receptor subtype is implicated in psychiatric pathologies as bipolar disorder (3), panic disorder (4), anxiety (5) , and depression (6) . The involvement of the 5-HT 1A R in dysfunctional forms of anxiety has been studied in a wide range of preclinical research and clinical trials, including drug treatment studies, genetic research, and neuroimaging data (7) . Studies in transgenic mice also demonstrate the important role of forebrain 5-HT 1A receptors regulating both anxious (8) and depressive (6) behaviors.
Increased circulating corticosterone levels induced by stress, have been associated to a downregulation of postsynaptic 5-HT 1A receptor expression and functionality in hippocampus (9, 10) . Moreover, a dysregulated HPA function is associated with anxious/depressive-like behavior (11, 12) . Corticosterone binds to two different receptors: mineralocorticoid receptors (MRs), present in limbic areas, and glucocorticoid receptors (GRs), more ubiquitous (13) . The high-affinity MRs are saturated under basal corticosterone levels, whereas the low-affinity GRs are recruited by stress-induced high corticosteroid levels, playing a role in the negative feedback inhibition of the HPA axis (13) . HPA hyperactivity leads to a downregulation of GRs and, consequently, to an impaired negative feedback inhibition (14) . The subsequent glucocorticoid hypersecretion together with high serotonin release in postsynaptic areas involved in the response to stress results in the 5-HT 1A R downregulation in areas as the hippocampus, a neurochemical finding associated to stress-related disorders (6) . In humans, a blunted cortisol variation is associated to greater scores in depressive symptoms (15) .
High corticosterone levels impair long-term potentiation (LTP) in the dorsal CA1 region of the hippocampus (16) , particularly, the LTP mediated by N-methyl-D-aspartate (NMDA) receptors (NMDA receptor-dependent LTP) (17) . Elevated levels of corticosteroid hormones occupying both GRs and MRs (13, 18) impair the acquisition of hippocampal-dependent memories. These MRs and GRs produce opposite effects on LTP in CA1, either facilitating or suppressing the LTP activation, respectively, leading to the induction of long-term depression (18) . In fact, MR activity seems to maintain the excitability and stability of networks, while GR activation is involved in the suppression and normalization of network activity (13) . Under low corticosterone levels, there is a predominant activation of MR that results in small Ca 2+ currents that preserve the LTP (19) . The exposure to high corticosterone levels promotes an additional GR activation, increasing the intracellular Ca 2+ concentrations (20) , and blocking the NMDA receptors, leading to an impaired hippocampal LTP (20) .
Recently, a transgenic mouse line with a permanent 5-HT 1A R overexpression (OE mice) was generated (21, 22, 23) . These OE mice overexpress 5-HT 1A R in cortex, hippocampus and other limbic areas, whereas their expression was not altered in the raphe nucleus. Previous studies using ethological-and conflict-based behavioral tests, demonstrated that the permanent postsynaptic 5-HT 1A R overexpression in mice does not result in significant changes in basal anxiety-related responses (22) . However, we postulate that the high post/presynaptic 5-HT 1A receptor ratio must be influencing their vulnerability to stress. Therefore, we have evaluated the behavioral response of mice overexpressing postsynaptic 5-HT 1A Rs in anxiety tests following a forced swimming session used as an acute stressor. In addition, we measured the associated serum corticosterone and corticosteroid receptors levels to analyze the HPA axis functionality.
c-Fos activation in the prefrontal cortex and hippocampal LTP were also evaluated in these animals under basal conditions, and following acute stress.
RESULTS AND DISCUSSION
In the present study, we demonstrate the enhanced anxiety response of mice overexpressing 5-HT 1A R in postsynaptic areas (5-HT 1A OE mice) when they are preexposed to a single forced swimming session used as a stressor factor, associated with an altered HPA axis response, prefrontal cortex activation and a sustained hippocampal LTP. In this study, we used a transgenic mouse line that overexpresses 5-HT 1A receptors in postsynaptic areas (i.e. hippocampus and cerebral cortex) (21, 23 These data confirm the increased functionality of postsynaptic 5-HT 1A Rs overexpressed in these transgenic mice compared to their WT counterparts, with no differences in presynaptic 5-HT 1A Rs functionality (dorsal raphe nucleus). This higher 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 receptor functionality is in good agreement with the elevated receptor density observed in studies using Figure S1 , Supporting Information).
In the novelty suppressed feeding (NSF) non-stressed WT and 5-HT 1A R OE animals presented a similar delay to approach and eat the food pellet, whereas the preexposure to stress produced a higher increase in the latency to feed in OE animals (p<0.001) ( Figure 2B group presented lower food consumption in the post-test compared to the WT animals ( Figure S2 , Supporting Information), though no differences in their daily homecage consumption were detected (data not shown). 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 previously stressed animals are found in 5-HT 1A heteroreceptor knock-out animals (25, 26) .
One of the major findings of our study is the enhanced anxiety-like response (novelty suppressed feeding and light/dark box tests) in these 5-HT 1A R OE mice when preexposed to an acute stressor (forced swimming). Indeed, it is well known that the acute swim stress activates the serotonergic system (27) , leading to a subsequent stressinduced increase in serotonin (28, 29) . However, other factors as corticosterone play an important role in stress (30) , and especially in our OE mice under acute stress conditions, as discussed below. Regarding the stress-induced increase in the latency to feed in the NSF, we cannot discard the influence of an appetite/motivational factor associated to 5-HT 1A receptor activation (31), since a lower drive to feed was confirmed in the post-NSF consumption test. However, the lower food consumption appears to be highly influenced by the high anxiety following the acute stressor elicited by these 5-HT 1A OE mice, since the food consumed daily in their homecage was similar to their WT counterparts.
Blunted HPA in OE mice in response to stress
Bearing in mind the increased anxiety-like response elicited in acutely stressed 5-HT 1A R OE mice, we decided to check the status of the hypothalamic-pituitary-adrenal (HPA) axis. In non-stressed animals, corticosterone levels were higher in OE than in WT mice (p<0.01). The exposure to acute stress induced an increase in serum corticosterone levels in WT animals (p<0.001), but no changes in OE animals ( Figure   3A ). A two-way ANOVA analysis of serum corticosterone levels showed a significant effect of the stress [F(1,33)=7.65, p<0.01], and the interaction genotype x stress
Moreover, the effects of the circadian rhythm on the corticosterone levels differed between both groups, leading to a lower corticosterone peak in 5-HT 1A OE animals (p<0.001) ( Figure S3 , Supporting Information).
We also evaluated the mRNA expression of MR and GR using qPCR ( Figure 3B ). MR mRNA expression was lower in OE mice compared to their WT counterparts (two-tailed t-test, t14=2.49; p<0.05), while GR mRNA expression was significantly higher in OE mice compared to WT animals (two-tailed t-test, t14=2.22; p<0.05). The ratio MR/GR expression was significantly lower in OE mice compared to WT animals (two-tailed ttest, t14=4.37; p<0.001). Student's t-test, two-tailed; *p<0.05, ***p<0.001. n=6-8 animals per group.
The enhanced anxious response to acute stress in postsynaptic 5-HT 1A R OE mice is associated with elevated basal corticosterone, without modifications of corticosterone levels following stress (blunted HPA axis response) compared to their WT counterparts, in line with previous findings (30) . These elevated basal corticosterone levels are in good agreement with that observed in animal models of stress (9, 32) .
Furthermore, our 5-HT 1A R OE mice present a lower diurnal variation of corticosterone levels (32). This reduced corticosterone peak in 5-HT 1A OE mice parallels the findings reported in patients suffering from post-traumatic stress disorder (33, 34) . Postsynaptic 5-HT 1A Rs, especially those localized in the paraventricular nucleus, are involved in stress regulation since their activation leads to increased corticosterone levels (35).
The 5-HT 1A R density is increased in the hypothalamus of these animals (23) . However, we were not able to detect a significant change in the 5-HT 1A R functionality probably In the postsynaptic 5-HT 1A R overexpressing mice, high basal corticosterone levels are associated with lower levels of MR mRNA expression in the hippocampus, in good accordance with previous studies (9, 10) . The lower MR/GR mRNA expression ratio observed in OE animals is also observed in animal models of stress (36), and contrast with the higher ratio in animals with low-anxiety phenotype (37) . This unbalanced corticoid receptor expression is also present in rats with low 5-HT 1A R expression in DRN (38) , mirroring the high post/presynaptic 5-HT 1A R ratio present in our animals.
Interestingly, mice overexpressing MR in forebrain areas show an opposite behavior with a less anxious phenotype induced by subsequent behavioral exposures (37).
Postsynaptic 5-HT 1A R OE mice also presented high levels of GR mRNA expression similarly to animals with a high anxiety profile (39, 40) , and a blunted HPA response (40) . It could be speculated that the high GR mRNA expression in OE animals may result in a hyperactive negative feedback, and the subsequent impaired HPA response following acute stress (41), though it requires further investigation (i.e.: dexamethasone suppression test). A blunted response to stress has been reported after corticosterone infusion in mPFCx (42) , an area associated with stress habituation, suggesting that the high basal corticosterone levels diminish the HPA stress response. Moreover, increased activity in mPFCx, induced by the local administration of picrotoxin, is associated with a lower stress-induced corticosterone secretion (43) .
c-Fos activation in mPFCx induced by stress
Taking in consideration the role of the mPFCx in stress-related responses, we next analyzed the neural activation level by means of c-Fos immunohistochemistry. Our results demonstrate that the c-Fos expression in mPFCx was increased in OE stressed animals (p<0.001), while no changes were observed in the WT animals ( Figure 4) 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 agreement, studies in GAD65 knock-out animals indicate increased fear and anxiety behavior similar to models of posttraumatic stress disorder (52) . Further experiments are needed to clarify whether the overexpression of postsynaptic 5-HT 1A R OE in these mice leads to disturbances in the tone of GABAergic inhibition, and consequently, increased pyramidal neuron activation, responsible for a higher level of anxiety.
Lack of long-term potentiation (LTP) impairment in OE mice after acute stress
Finally, taking into consideration the importance of LTP in stress response, we studied the effect of stress on dorsal hippocampal CA1 LTP. To assess the effect of 5-HT 1A R overexpression on the hippocampal synaptic transmission and plasticity, we recorded fEPSPs from hippocampal slices of WT and OE mice in non-stressed animals, and after acute exposure to a stressing event. A theta burst stimulus was used to induce LTP at the Schaffer collateral-CA1 pathway. No significant differences were found in fEPSP amplitudes in the baseline of WT and OE mice. Comparison of LTP induction in hippocampal slices of non-stressed WT and OE animals showed no differences in the total LTP between both genotypes. As expected, LTP impairment was observed in stressed WT mice (p<0.01) ( Figure 5A ). By contrast, LTP measured in hippocampal slices of stressed OE mice did not show significant differences compared to those not subjected to a stressor ( Figure 5B ). 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Fuencisla Pilar-Cuéllar et al.
corticosterone levels (16, 54) after uncontrollable stress (54), acting through GR receptors (55) . Thus, our results strongly suggest that the absence of a stress-induced increase in corticosterone levels in 5-HT 1A OE mice is underlying the lack of LTP downregulation following an acute stressing event in these animals.
Overall, mice overexpressing 5-HT 1A R in postsynaptic areas showed exacerbated anxious response to acute stress, a behavioral outcome associated with the inability to modulate the HPA axis in response to stressors, increased prefrontal cortex activation, and the lack of hippocampal LTP downregulation. A similar impaired stress response is present in mice with high anxiety-related behavior and in some pathologies as in posttraumatic stress disorder (PSTD) (56) , and depression (40, 57) . Therefore, a higher 5-HT 1A R post/presynaptic ratio results in an impaired stress coping behavior that may increase the susceptibility to develop stress-related emotional disorders.
METHODS

Animals
Permanent postsynaptic 5-HT 1A -receptor overexpressing (OE) mice strain and their wild-type (WT) counterparts were generated as previously indicated (21, 22) . These mice strain was created on an out-bred NMRI genetic background. They exhibit a higher 5-HT 1A receptor density in hippocampus, cortex, amygdala, and hypothalamus, areas in which these receptors are located at the postsynaptic level. However, no changes are found in the density of 5-HT 1A autoreceptors in the raphe nuclei (22, 23) . 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Fuencisla Pilar-Cuéllar et al. Acute stress protocol: a single forced swimming session was used as acute stressor.
Mice were placed in swimming tanks 12 cm in diameter and 24 cm tall. The tank was filled with enough water at 25-27°C so that the mice could not touch the bottom. Each mouse was placed individually in the swimming tank for a single 5 min session, gently dried up using a paper towel, and immediately used in the different experimental procedures. Figure 6 ): naïve and stressed animals were subjected to a battery of behavioral and neurochemical analyses. A) light/dark box and novelty suppressed feeding tests, with a one-week delay between both; B) blood extraction for serum corticosterone determination; C)
Experimental design for "stress" studies (see chronogram in
animal perfusion 2 hours after the stressor for c-Fos immunohistochemistry studies;
and D) in vivo recording of long-term potentiation in hippocampal slices. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Fuencisla Pilar-Cuéllar et al. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Fuencisla Pilar-Cuéllar et al.
Novelty suppressed feeding:
This test was performed 7 days after the light/dark box test. It was performed following a previous protocol (60) 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 The reaction was stopped and the absorbance was measured at 450 nm. The standard curve data were fitted to a four-parameter logistic nonlinear regression curve.
Quantitative PCR
Mice were killed by decapitation, the brains rapidly removed from the skulls, and the hippocampi dissected, immediately frozen and stored at -80ºC until used. Total RNA and whole protein homogenate were extracted using Tripure™ Isolation Reagent (Sigma-Aldrich) according to the manufacturer's instructions.
Once purified, the quality and concentration of the sample were tested measuring the absorbance (260/280 nm) with the NanoDrop 1000 Spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA) and the Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA). RNA was reverse transcribed to cDNA using the High Capacity 
Relative changes in the expression of the target genes were determined using the following equation: fold change=2 −∆∆Ct , where ∆Ct=(Ct target -Ct 18S rRNA) and ∆∆Ct=∆Ct (for the experimental condition) -∆Ct (for the control condition) (63) . These experiments were carried out according to the minimum information for publication of quantitative real-time PCR experiments (MIQE) guidelines (64).
Long-term potentiation (LTP)
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